A unique property of the mammalian embryo is that stem cells can be derived from its early tissue lineages. These lineages will give rise to the fetus as well as essential extraembryonic tissues. Understanding how chromatin regulation participates in establishment of these lineages in the embryo and their derived stem cells provides insight that will critically inform our understanding of embryogenesis and stem cell biology. Here, we compare the genomewide location of active and repressive histone modifications in embryonic stem cells, trophoblast stem cells, and extraembryonic endoderm stem cells from the mouse. Our results show that the active modification H3K4me3 has a similar role in the three stem cell types, but the repressive modification H3K27me3 varies in abundance and genomewide distribution. Thus, alternative mechanisms mediate transcriptional repression in stem cells from the embryo. In addition, using carrier chromatin immunoprecipitation we show that bivalent histone domains seen in embryonic stem cells exist in pluripotent cells of the early embryo. However, the epigenetic status of extraembryonic progenitor cells in the embryo did not entirely reflect the extraembryonic stem cell lines. These studies indicate that histone modification mechanisms may differ between early embryo lineages and emphasize the importance of examining in vivo and in vitro progenitor cells.
A unique property of the mammalian embryo is that stem cells can be derived from its early tissue lineages. These lineages will give rise to the fetus as well as essential extraembryonic tissues. Understanding how chromatin regulation participates in establishment of these lineages in the embryo and their derived stem cells provides insight that will critically inform our understanding of embryogenesis and stem cell biology. Here, we compare the genomewide location of active and repressive histone modifications in embryonic stem cells, trophoblast stem cells, and extraembryonic endoderm stem cells from the mouse. Our results show that the active modification H3K4me3 has a similar role in the three stem cell types, but the repressive modification H3K27me3 varies in abundance and genomewide distribution. Thus, alternative mechanisms mediate transcriptional repression in stem cells from the embryo. In addition, using carrier chromatin immunoprecipitation we show that bivalent histone domains seen in embryonic stem cells exist in pluripotent cells of the early embryo. However, the epigenetic status of extraembryonic progenitor cells in the embryo did not entirely reflect the extraembryonic stem cell lines. These studies indicate that histone modification mechanisms may differ between early embryo lineages and emphasize the importance of examining in vivo and in vitro progenitor cells.
epigenetics | methylation | embryogenesis | extraembryonic U nderstanding the mechanisms by which tissues differentiate from each other during development is essential for understanding how to effectively use stem cells. During mouse development, the implanting blastocyst is composed of trophectoderm (TE), primitive endoderm (PE), and epiblast (EPI). At this stage in development, individual cells are already lineage restricted, but capable of differentiating into all of the more specialized cells within that lineage (1) . Once established by lineage-specific transcription factor networks, the transcriptional memory of each progenitor cell may be maintained by epigenetic modifications (2) . How genetic factors and epigenetic modifiers interact to regulate lineage decisions is therefore an important goal among stem cell researchers and developmental biologists alike. Targeted deletion of numerous epigenetic modifiers has been shown to result in ectopic expression of lineage-specific genes and periimplantation lethality, demonstrating that establishment and maintenance of an epigenetic program is essential for the earliest stages of development (3) (4) (5) .
Permanent stem cell lines can be derived from the three tissue lineages present in the mouse blastocyst and are used as an in vitro model to study the regulation of early lineage progenitors. These cell lines include embryonic stem (ES) cells (6, 7) , trophoblast stem (TS) cells (8) , and extraembryonic endoderm stem (XEN) cells (9) . All three stem cells can self-renew in vitro, but differentiate and contribute in a lineage-appropriate manner in vitro and in vivo (8) (9) (10) . Epigenetic regulation of this process could provide an elegant mechanism for maintaining lineage identity following isolation of these progenitors from their embryonic environment during stem cell establishment. Lineagespecific differences in chromatin have been observed at the level of histone modifications (11, 12) . Whether these lineage-specific differences in histone marks impact transcriptional regulation and are involved in the establishment or maintenance of lineage progenitors is not known. It is essential, therefore, to compare the histone methylation status of the three lineages derived from the mouse blastocyst.
Self-renewal in ES cells is dependent on maintaining appropriate epigenetic regulation, including nucleosome remodeling and modification of DNA and histones (2, 4, 13) . In particular, bivalent domains that are composed of an unusual coexistence of active, such as histone H3 lysine 4 trimethylation (H3K4me3), and repressive, such as histone H3 lysine 27 trimethylation (H3K27me3), modifications have been shown to be overrepresented in putative regulatory loci of developmentally important genes in ES cells, as compared to other cell types (14) (15) (16) . These findings led to the prediction that bivalent domains may contribute to pluripotency in ES cells by keeping developmental genes poised for activation during differentiation. However, Polycomb group (PcG) proteins, which mediate H3K27me3, are dispensable for maintaining pluripotency and lineage potential in ES cells, but are required for precise control of gene expression during differentiation (17) (18) (19) . Together, these studies suggest that PcG-mediated epigenetic repression may regulate transitions in cell fate during development. However, extraembryonic lineages have been shown to differ from the pluripotent embryonic lineages in a number of epigenetic pathways. X-chromosome inactivation occurs in all lineages, but is paternally imprinted in extraembryonic cells and is specifically dependent on the PcG protein Eed to maintain the inactive state (20, 21) . Epigenetic regulation of imprinted gene expression also differs between embryonic and extraembryonic lineages, with histone modifications maintaining imprinting in extraembryonic cells independently of DNA methylation (22, 23) . Global differences in epigenetic status between embryonic and extraembryonic lineages also exist. DNA methylation levels are lower in extraembryonic cells compared to embryonic cells (24, 25) . However, recent genomewide studies comparing promoter methylation in TS and ES cells have shown that the majority of differences are likely to be located in nongenic regions (26) .
Additionally, immunocytochemistry revealed lower levels of several histone modifications, including H3K27me3 and histone H3 lysine 9 acetylation (H3K9ac), in TE compared to EPI (11, 12) . Whether these lineage-specific differences in histone marks impact transcriptional regulation and are involved in the establishment or maintenance of lineage progenitors is not known. Therefore, comparing the histone methylation status of the three lineages derived from the mouse blastocyst at a gene-specific level remains an important goal. To this end, we examined the genomewide location of active and repressive histone modifications in ES, TS, and XEN cells. Our results show that the activating modification H3K4me3 has a similar role in the three stem cell types, but in contrast, the repressive modification H3K27me3 varies in abundance and genomewide distribution. We find that very few promoters are marked by H3K27me3 in TS and XEN cells and therefore H3K4me3/H3K27me3 bivalent domains are not a common epigenetic feature of all blastocystderived stem cells. It is also important to determine whether these epigenetic mechanisms arise during selection for stem cell self-renewal in vitro or truly reflect the status of early lineage progenitor cells in the embryo itself. Using carrier chomatin immunoprecipitation (cChIP) we were able to show that the bivalent domains seen in ES cells exist in pluripotent cells of the early mouse embryo. However, the epigenetic status of extraembryonic progenitor cells in the embryo did not entirely reflect the extraembryonic stem cell lines. These studies indicate that histone modification mechanisms may differ between early embryo lineages and emphasize the importance of examining in vivo and in vitro progenitor cells.
Results
Bivalent Domains Are Not Common in TS and XEN Cells. To compare the histone methylation status of embryonic and extraembryonic stem cells, we examined the genomewide location of active and repressive histone modifications in ES, TS, and XEN cells (Fig.  1A) . We performed native chromatin immunoprecipitation (ChIP) to isolate DNA associated with H3K4me3 or H3K27me3 modified histones, which was sequenced using an Illumina Genome Analyzer. Unique reads were mapped to the genome (Fig. S1A) . Genomic regions exceeding a threshold signal, as defined by a randomization model (27) , were categorized as significantly enriched for either histone modification (details in SI Methods). Importantly, our data from ES cells were highly similar to previously published studies (Fig. S1B) (16) .
Numerous similarities in H3K4me3 location were detected among ES, TS, and XEN cells. In particular, a similar number of sequencing peaks were detected in all three cell lines, with~40% of the peaks mapping to within 1 kb of a transcriptional start site (TSS) (Fig. 1B) . Furthermore, H3K4me3 marked a similar number of genes in each cell type (Fig. 1C) , was located at the same position relative to TSS (Fig. 1D ), and correlated with high gene expression levels ( Fig. S1 C and D) . For all three cell types, genes without CpG island promoters tended to be devoid of H3K4me3 and were generally expressed at lower levels ( Fig. 1C and Fig. S1D ). In contrast, H3K27me3 was different in TS and XEN cells compared to ES cells. Most strikingly, the number of sequencing peaks was~7-fold lower in TS cells and~5-fold lower in XEN cells, as compared to ES cells (Fig. 1B) . Whereas~40% of the peaks mapped to within 5 kb of a TSS in ES cells, this category included only~10% of peaks in TS and XEN cells (Fig. 1B) . These findings impact the total number of genes significantly marked by H3K27me3: 0.6% (104/18,025 genes) for TS cells and 0.9% (171/18,025) for XEN cells, compared to 13% (2,320/ 18,025) for ES cells (Fig. 1C) . The overall distribution of H3K27me3 in TS and XEN cells was not localized to the TSS as for ES cells, but found at low levels throughout the genome (Fig.  1D) . Furthermore, the median width of H3K27me3 modified regions was greater in ES cells (2.2 kb; 10% of all regions are >5 kb), compared to TS and XEN cells (1 kb; 1% of all regions are >5 kb) (Fig. S2A ). These data demonstrate lineage-specific differences in H3K27me3.
We undertook several steps to confirm that our observation of low H3K27me3 levels in TS and XEN cells was not due to technical artifacts. The sequencing depth was similar for all samples (Fig. S1A ) and the false detection algorithm incorporates the total number of sequencing reads into the threshold calculation, suggesting that low H3K27me3 levels were not an artifact of differential sequencing depth. Nor did this result from the threshold filter being too stringent, as we were able to process raw, previously published, H3K27me3 ChIP-sequencing data from embryonic fibroblasts and obtain near identical results to the published report (16) . In addition, an alternative strategy of genome binning and pairwise comparison of ChIP-sequencing reads confirmed fewer H3K27me3 peaks in TS and XEN cells. This analysis also revealed that background levels and average peak height are highly similar between ES, TS and XEN cells, which would be expected only if the ChIP efficiency was the same between the three cell lines (Fig.  S2 B-D) . Therefore, differences in H3K27me3 levels between cell types was not due to an artifact of data processing or altered ChIP efficiency, and thus ES, TS, and XEN cells appear to differ in use of repressive epigenetic mechanisms.
The lower levels of H3K27me3 impacts the number of putative bivalent domains detected in the three stem cell lines as well. Thus, only 56 genes could be classified as bivalently modified in TS cells and 96 genes in XEN cells, compared to 2,033 in ES cells (Fig. 1C) . Instead, the majority of genes in TS and XEN cells were categorized as H3K4me3 without H3K27me3; 62% (11,248/18,025) for TS cells and 56% (10,135/18,025) for XEN cells. Neither modification was detected at 37% of genes (6,673/ 18,025) in TS cells and 43% of genes (7,719/18,025) in XEN cells (Fig. 1C) . Thus, bivalent domains involving H3K4me3 and H3K27me3 are not a common epigenetic mark in all blastocystderived stem cell lines.
Lower Levels of H3K27 Methylation Machinery in Extraembryonic
Stem Cells. Western blot analysis confirmed that TS and XEN cells were globally low in H3K27me3, compared to ES cells ( Fig. 2A) . To understand why extraembryonic stem cells have lower levels of H3K27me3, we examined the transcript levels, protein abundance, and enzymatic activity of histone methylation core machinery. Methylation of H3K27 is catalyzed by the canonical Polycomb repressive complex 2 (PRC2), which contains core components Suz12, Eed, and Ezh2 (28) (29) (30) (31) . Reverse transcriptionqPCR (RT-qPCR) revealed that the level of Eed mRNA was significantly less (by~65%) in TS and XEN cells, compared to ES cells (P < 0.02, Student's t test; Fig. 2B ). It has previously been shown that removal of Eed can disrupt PRC2 stability and lead to loss of Ezh2 protein (32, 33) . Our Western blot analysis was consistent with this, showing a near complete absence of Eed and Ezh2 protein in TS and XEN cells, compared to ES cells (Fig.  2C) . Similarly, the noncanonical PRC2 component Ezh1 was detected at lower levels in TS and XEN cells, compared to ES cells, suggesting that Ezh1 stability may be dependent on incorporation into a functional PRC2 complex (Fig. 2C ). In contrast, Suz12 and the Polycomb repressive complex 1 (PRC1) component Rnf2 were detected at similar levels in all three stem cell types (Fig. 2C) . Additionally, histone methyltransferase activity associated with total H3K27 methylation and H3K27me3 was significantly lower by 2.1-to 3.4-fold in TS and XEN cells, compared to ES cells (P < 0.05, Student's t test; Fig. 2D ). Together, these data suggest that lower Eed levels may result in lower levels of functional PRC2 in extraembryonic stem cells. By contrast, expression levels of two different histone H3K4 methyltransferases showed either no change or were higher in TS and XEN cells compared to ES cells (Fig. 2B ). In addition, no significant difference in H3K4 methyltransferase activity was detected between ES, TS, and XEN cells (Fig. 2D) .
We next examined whether H3K27me3 marks in TS and XEN cells were functionally equivalent to H3K27me3 marks in ES cells, despite their reduced numbers, by assessing their ability to recruit appropriate proteins to mediate transcriptional repression. The H3K27me3 mark is deposited by PRC2 and functions at bivalent domains in ES cells by recruiting PRC1, which maintains the underlying promoter in a poised transcriptional state (34) (35) (36) . Using ChIP-qPCR, we detected binding of PRC2 components Ezh2 and Eed above background at H3K27me3-marked genes in TS and XEN cells, suggesting that H3K27me3 is actively maintained in extraembryonic stem cells (Fig. 3 A-C) . In contrast, binding of PRC1 component Rnf2 was low or negligible in TS and XEN cells (Fig. 3D) despite being present at similar levels to ES cells (Fig. 2C) , suggesting that H3K27me3 marks in TS and XEN ) qRT-PCR analysis of levels of PRC2 components Ezh1, Ezh2, Suz12, and Eed; PRC1 component, Rnf2, and two H3K4 methyltransferases, Mll1 and Ash1. Data represent mean plus SD from three biological replicates. For each stem cell type, two independent lines were analyzed. Asterisks indicate statistically significant difference as compared to ES cells, P < 0.05 (Student's t test). (C) Western blot analysis shows that expression of PRC2 components Eed, Ezh1, and Ezh2 is lower in TS (A4) and XEN (F4) cells, compared to ES (R1) cells. Suz12 and Rnf2 are expressed at similar levels. β-Actin was used as a loading control. (D) Total H3K27 and H3K27me3-specific histone methyltransferase activity is significantly lower in TS (A4) and XEN (F4) cells, compared to ES (R1) cells. No significant differences in total H3K4 or H3K4me3-specific histone methyltransferase activity were detected. Data represent mean plus SD from three biological replicates. For each stem cell type, two independent cell lines were analyzed and data combined. Asterisks indicate statistically significant difference as compared to ES cells, P < 0.05 (Student's t test).
cells are not functionally equivalent to bivalent domains in ES cells. The domains detected in TS and XEN cells appear similar to PRC1-negative domains in ES cells, which show poor retention of H3K27me3 and correlate poorly with functional repression (34) . Together, these data show that H3K27me3 is not a predominant mark in undifferentiated extraembryonic stem cells, suggesting that alternative epigenetic modifications must be involved in transcriptional repression.
H3K9me3 Marks Transcriptionally Repressed Genes in TS and XEN Cells. Given the low prevalence of H3K27me3-modified promoters in TS and XEN cells, we next undertook a candidate approach to identify possible alternative repressive modifications in extraembryonic stem cells.
We initially examined DNA methylation, but using two different experimental approaches we found no evidence that this modification is providing a compensatory mechanism to regulate gene transcription in TS cells. First, integration of a genomewide DNA methylation dataset (26) with our genomewide histone methylation data revealed that the majority of genes with high levels of DNA methylation lacked histone methylation marks and were transcriptionally repressed: 67% (746/1,108 genes) for ES cells and 66% (1,141/1,734) for TS cells (Fig. S3) . Less than 7% of promoters in ES and TS cells that are modified by H3K4me3 had high levels of DNA methylation ( Fig. S3 ; ES: n = 4,451 genes, TS: n = 6,586) and these promoters are not preferentially induced upon differentiation, as would be predicted if DNA methylation was compensating for the absence of H3K27me3 at poised regulatory genes (P > 0.2, χ 2 test, 1 df; Dataset S1). Second, we used pyrosequencing to quantify DNA methylation levels at the promoters of genes that are induced or repressed as TS cells undergo differentiation. After TS cell differentiation, DNA methylation levels of gene promoters remained largely unchanged and showed no correlation with changes in gene expression levels (Fig. S3C) . Together, these data suggest that DNA methylation is not providing a compensatory method of epigenetic repression in TS cells.
We next examined four alternative histone modifications associated with transcriptionally repressed chromatin, including H3K9me2, H3K9me3, H3K79me3, and H4K20me3. We assayed these marks by ChIP-qPCR in genes that are either induced or repressed as TS cells undergo differentiation. Of these, only H3K9me3 correlated inversely with changes in gene expression (Fig. 4 A and B) . Eight out of nine genes that are induced showed a reduction in H3K9me3 after TS cell differentiation, and this was statistically significant for five of the genes (P < 0.05, Student's t test, P < 0.3 for the other three genes; Fig. 4B ). Additionally, all five genes studied that were repressed during TS cell differentiation showed an increase in H3K9me3, which was statistically significant for three of the genes (P < 0.05, Student's t test, P < 0.08 and P < 0.3 for the other two genes; Fig. 4B ). These results were confirmed with an independent TS cell line (Fig. S4A) .
Interestingly, our candidate gene ChIP analysis in TS cells indicated that certain promoters may be simultaneously marked by active H3K4me3 and repressive H3K9me3 histone modifications (Fig. 4 B and C) . To test whether these marks are present on the same chromatin fragment, we performed sequential ChIP analysis, where chromatin is first immunoprecipitated with one antibody and then subjected to an additional immunoprecipitation with a second antibody. We detected enrichment~10-fold compared to control samples, suggesting that, at the three promoters analyzed, the majority of chromatin containing H3K4me3 is also modified by H3K9me3 in TS cells (Fig. 4D and Fig. S4A ). This enrichment value is similar to that obtained with sequential H3K4me3/H3K27me3 ChIP at known bivalent domains in ES cells (~12-fold; Fig. S4B ). In contrast to TS cells, we did not detect enrichment of H3K4me3/H3K9me3 comodification above controls in ES cells (Fig. 4D) .
Encouraged by our observations in TS cells, we assayed for the presence of H3K4me3/H3K9me3 domains on a panel of candidate promoters in XEN cells. We detected both H3K4me3 and H3K9me3 above background at three promoters of genes transcriptionally repressed in XEN cells but that are expressed in differentiated cells of the extraembryonic endoderm lineage (Fig. S4C) (37) . Sequential ChIP confirmed that these modifications coexisted on the same chromatin fragment in XEN cells (~11-fold enrichment over controls; Fig. S4D ). Taken to-
Fig. 3. Differences in PRC1 binding between TS/XEN cells and ES cells. (A-D)
The ability of H3K27me3 to recruit downstream mediators in TS and XEN cells was investigated using ChIP-qPCR on a panel of candidate gene promoters. We included H3K27me3-modified and unmodified promoters that were identified by our genomewide analysis. The panel also contains bivalent promoters classified in ES cells as PRC1-positive (Irx1, Dlx3, Tcfap2a, Lhx2, Npas2, Gbx1, Msx1, Tbx2, Gata6, and Sox17) and PRC1-negative (Pik3r3, Prtg, and Nostrin) (34) . Positive (Hoxa9 and Pou5f1) and negative (Gapdh and Kcnq1ot1) control promoters for H3K27me3 were included (61). Ezh2 and Eed binding was detected above background levels at H3K27me3-modified promoters in TS (A4) and XEN (F4) cells. However, binding of the downstream mediator Rnf2 was detected only at low or negligible levels, irrespective of H3K27me3, Ezh2, or Eed status. As we could not identify a promoter that was bound by Rnf2 in TS and XEN cells, we used the Cdx2 promoter in ES (R1) cells as a positive control (indicated by the black bar) (34) . Data represent mean plus SD from three biological replicates. Dashed lines indicate 2-fold of mean background levels, as determined using a nonspecific control antibody (background data shown in Fig. S8A ).
gether, we have found that H3K9me3 is associated with transcriptionally repressed promoters in TS and XEN cells and using sequential ChIP have shown that certain promoters are modified by H3K4me3 and H3K9me3 in the same chromatin region.
Epigenetic States During Lineage Development. To begin to understand whether the epigenetic status of ES, TS, and XEN cells arise during selection for stem cell self-renewal in vitro or truly reflect the status of lineage progenitor cells in vivo, we examined histone methylation levels at candidate promoter regions in tissues microdissected from early mouse embryos. We focused on early postimplantation embryos because these tissues represent the best stages at which to obtain homogeneous populations of undifferentiated lineage progenitors that arise from the early EPI, TE, and PE (1, 38) in sufficient numbers to allow examination of gene-specific histone modifications. Due to the technical difficulty in isolating lineage progenitors from these early postimplantation stages, in combination with the small number of cells within each embryo, these tissues have not been examined previously for gene-specific histone modifications.
We chose to use cChIP for this analysis, which is designed to analyze histone modifications in small cell samples (39) . We microdissected embryos at embryonic day E5.5 to isolate EPI, extraembryonic ectoderm (ExE), and visceral endoderm (VE) (Fig. S5A ) and subjected the tissues to RT-qPCR analysis of gene expression and to cChIP-qPCR for analysis of gene-specific H3K4me3 and H3K27me3. In parallel experiments, we subjected an equivalent number of ES, TS, or XEN cells to the same analyses to provide a positive control for the small-scale studies.
cChIP analysis of pluripotent EPI showed that promoters of lineage-specific transcriptionally active genes, such as Pou5f1 (also known as Oct4), were modified with H3K4me3 and not H3K27me3 (Fig. 5) . Genes encoding developmental regulators such as Cdx2, Gata6, Hoxa7, and Sox17, which are bivalently modified in ES cells, appeared to be bivalent in EPI, with high H3K4me3 and H3K27me3 (Fig. 5A ). In addition, we detected low or negligible mRNA transcripts from these genes (Fig. 5B) . Overall, the histone status of most genes examined was very similar between EPI and ES cells. One difference was H3K4me3 marking of Nanog, which was high in ES cells and low in EPI, consistent with the higher expression level of Nanog in ES cells as compared to EPI (Fig. 5) .
In ExE cells, which derive from the TE, Pou5f1 and Nanog are transcriptionally silent. cChIP revealed that the Pou5f1 promoter was modified by H3K27me3 and the Nanog promoter had little enrichment of H3K4me3 or H3K27me3 (Fig. 5 ). Transcriptionally active genes Cdx2 and Eomes showed high H3K4me3 and low H3K27me3 (Fig. 5) . Intriguingly, genes that were silent in ExE but expressed by specialized placental cells in later development (Dlx3, Lhx2, and Irx1) appear to be marked bivalently in ExE, with high H3K4me3 and H3K27me3 (Fig. 5 ). This contrasts with the same gene promoters in TS cells, which had high H3K4me3 and low H3K27me3 (Fig. 5) , as predicted from (Fig.  S8B) . Asterisks indicate a statistically significant difference between undifferentiated and differentiated TS cells, P < 0.05 (Student's t test). Data represent mean plus SD of three biological replicates. The same experiments were performed using an additional TS cell line (G3) and gave highly similar results (Fig. S4) shown at the base of each column and include known lineage-specific transcription factors (Pou5f1, Nanog, Cdx2, Eomes, Gata6, and Sox7), genes known to be bivalent in ES cells (Cdx2, Gata6, Hoxa7, and Sox17), and genes that are characteristic of fully differentiated cell types (Gata1, Prl3b1, and ApoC2). Antibodies used were against H3K4me3 (green) and H3K27me3 (red). Dashed lines indicate 2-fold of mean background levels, as determined using a nonspecific control antibody (Fig. S8D) . Mean plus SD are shown from two biological replicates. cChIP analyses of alternative ES, TS, and XEN cell lines show similar results (Fig. S5C). (B) Corresponding mRNA expression levels for each cell type. Values represent percentages relative to reference tissues (specified in SI Methods). Each value represents the mean from two biological replicates.
our genomewide ChIP analysis, and confirmed using an alternative TS cell line (Fig. S5C) .
In VE cells, derived from PE, Pou5f1 and Cdx2 promoters were marked by H3K27me3, which is consistent with their low expression levels (Fig. 5) . Known endoderm genes, Gata6, Sox7, and Sox17 were enriched for H3K4me3, although levels of this mark were low when compared to the same genes in two XEN cell lines (Fig. 5 and Fig. S5C ). These endoderm genes were expressed at a much higher level in XEN cells as compared to VE, which is consistent with their histone state (Fig. 5) .
Given the changes in H3K9me3 levels during TS cell differentiation, we next used cChIP to investigate gene-specific levels of H3K9me3 during trophoblast differentiation in vivo. Embryos at E6.5 provide the ideal material for this analysis, as extraembryonic tissue at this development stage contains undifferentiated trophoblast cells in the ExE and differentiated trophoblast cells in the ectoplacental cone (EPC). Importantly, these tissues show reproducible changes in gene expression levels that are analogous to our TS cell differentiation system (Fig. 6A and Fig. S5B ).
cChIP analysis revealed H3K9me3 levels above background at numerous promoters in trophoblast tissues. Increased H3K9me3 levels were detected at Sox2, Cdx2, Eomes, and Esrrb promoter regions in EPC compared to ExE, which is consistent with their lower expression levels in differentiated trophoblast (Fig. 6) . We also examined genes whose expression levels are higher in EPC compared to ExE. In general, their promoters were modified by H3K4me3 and H3K9me3 in ExE (Fig. 6B) , whereas the same promoters in EPC tended to show higher H3K4me3 and lower H3K9me3 levels (Fig. 6C) . These results recapitulate the changes in histone methylation levels during TS cell differentiation, suggesting that this configuration of histone marks may be conserved between trophoblast progenitors in vivo and in vitro.
We next investigated H3K9me3 levels in embryonic tissues at E6.5. cChIP analysis of EPI showed that genes known to be bivalent in ES cells and epiblast, and also genes shown in this study to be marked by H3K9me3 in TS cells, do not have H3K9me3-modified histones above background levels (Fig. 6D ). An exception was Hoxa7, which was marked by H3K4me3 and H3K9me3. As Hoxa7 mRNA was undetectable in EPI (Fig. 6D) , these epigenetic modifications are likely to reflect the unusual epigenetic marking of Hox genes in pluripotent cells (15, 40) . Although we did not detect H3K4me3 and H3K9me3 at the majority of promoters examined by cChIP in EPI, recent studies have suggested that these two modifications may overlap at a subset of H3K4me3/ H3K27me3 bivalent domains in ES cells (41) .
Bivalent H3K4me3/H3K27me3 marks were detected at specific genes in EPI as in ES cells, demonstrating the existence of bivalent domains in early mouse development. There appears to be an epigenetic continuum between ES cells and the embryonic lineages of pre-and postimplantation stage embryos, whereby in all of these cells both H3K4me3 and H3K27me3 are highly abundant at global and gene-specific levels. In addition, we showed that high gene-specific levels of H3K27me3 were detected in extraembryonic lineages of the postimplantation embryo, but not at the same gene promoters in TS and XEN cells. As global H3K27me3 levels are low in TE and PE of preimplantation stage embryos (11) (Fig. S6A ) these data suggest that the blastocyst status of histone methylation may be preserved in TS and XEN cells but reset in the postimplantation derivatives of these lineages. Overall, our results suggest that distinct histone methylation mechanisms are established in embryonic and extraembryonic progenitor cells, thus identifying an important difference in epigenetic status between early embryo lineages.
Discussion
We present here a detailed epigenetic examination of in vivo progenitor cells and in vitro stem cells that represent the first three lineages formed during mouse embryogenesis.
First, we demonstrated that H3K4me3, H3K27me3, and H3K9me3 marks generally correlated with gene expression status in the three lineages both in vivo and in vitro, consistent with a previous report that examined other modifications in the inner cell mass and TE from cultured blastocysts (39) .
Second, we found that a specific set of genes encoding developmental regulators were bivalently marked with H3K4me3 and H3K27me3 in pluripotent cells in vivo as well as in vitro in ES cells. Importantly, mature mRNA transcripts of these genes were not detected in EPI, demonstrating that, similar to ES cells, the bivalent mark is repressive (14, 15) . Retention of bivalent domains by both pluripotent stem cell types derived from EPI (ES cells and epiblast stem cells) suggests that this epigenetic configuration may be a conserved feature of embryonic progenitor cells (14-16, 42, 43) . However, our work shows that TS and XEN cells are different because bivalent H3K4me3/ H3K27me3 domains do not appear to be involved in regulation of either their undifferentiated state or their differentiation. A previous report suggested that H3K4me3/H3K27me3 status at key regulatory genes may suffice to describe developmental commitment and potential (16) . Whereas this may be true for some progenitor cells, our study now shows that alternative epigenetic modifications may play a role in other early developmental progenitors.
Third, extraembryonic lineages of the blastocyst are globally low in H3K27me3 (Fig. S6A) (11) , which is reflected in TS and XEN cells. This contrasts, however, with postimplantation stage extraembryonic tissues, where we detected high gene-specific Kcnq1ot1 is used as a positive control (46) . Mean and SD are from two biological replicates. (D) cChIP experiments show that genes known to be bivalent in ES cells (Cdx2, Gata6, and Sox17) or marked by H3K4me3/H3K9me3 in TS cells (Dlx3, Lhx2, Irx1, and Prtg) are not modified by H3K9me3 in EPI above background levels (indicated by the dashed line). The imprinted gene Kcnq1ot1 is used as a positive control (22, 23) . Mean and SD are from two biological replicates. Shown underneath are the corresponding mRNA expression levels, relative to the same reference tissues used in Fig. 5B . levels of H3K27me3. We offer two explanations for these observations. There could be a wave of H3K27me3 deposition in extraembryonic lineages shortly after implantation, and TS and XEN cells represent a cell type before this event. Consistent with this, we have examined global H3K27me3 localization in postimplantation embryos and detected H3K27me3 in embryonic and extraembryonic cells (Fig. S6) (44) . This methylation event, which coincides with the onset of Eed transcription (44), could aid lineage commitment or establish a new pattern of epigenetic marks. This would be analogous to de novo DNA methylation that occurs during preimplantation development (45) . In support of this hypothesis, placentally imprinted genes acquire their differential histone marks in trophoblast between E4.5 and E7.5, and TS cells display a set of epigenetic marks before this event (46) . An alternative explanation is that although global H3K27me3 is low in the extraembryonic lineages before implantation, there may still be genes marked by H3K27me3 in these tissues and these marks persist after implantation. However, these marks may be lost during TS and XEN cell derivation and propagation. This alteration would be similar to the relaxation of some repressive histone marks that occurs during ES cell derivation (39) and also consistent with proposed epigenetic differences between trophoblast progenitors and TS cells (22) . Perhaps loss of epigenetic repression is necessary to convert transient lineage progenitors in the embryo into stable, self-renewing stem cell lines.
Fourth, we identified H3K9me3 as a repressive histone mark in early trophoblast development. Together with our H3K27me3 data, these findings provide support for the existence of lineagespecific histone modifications during development. How these differences could be established is unclear, although known antagonism between H3K9me3 and Polycomb protein binding suggest that histone states could depend on the relative levels of H3K9me3 and H3K27me3 (47, 48) .
Loss-of-function studies in mice have revealed a requirement for numerous epigenetic modifiers in extraembryonic tissue formation and function (49) . Absence of H3K27me3 in TS cells does not appear to affect their undifferentiated status, yet trophoblast with severely reduced Eed exhibits a defect in secondary giant cell formation (50, 51) . Similarly, mutation of other H3K27me3 pathway components leads to defects in placental development, notably Ezh2, Suz12, and Rnf2 mutants all display abnormal amnion and chorion formation (52) (53) (54) . Therefore, H3K27me3-mediated epigenetic repression may be critical to establish a specialized transcriptional program, rather than to maintain an undifferentiated trophoblast state. This would be consistent with the low prevalence of H3K27me3-marked genes that we detected in undifferentiated TS cells. The functional requirement for H3K9 methylation in extraembryonic stem cells has not been reported, although targeted deletion of the H3K9 histone methyltransferase Ehmt2 (G9a) leads to incomplete chorioallantoic fusion and midgestation lethality (55) . In addition, Suv39h-null fibroblasts spontaneously become polyploid (56) , raising the intriguing possibility that Suv39h-mediated H3K9me3 could be involved in the formation of polyploid trophoblast giant cells from diploid trophoblast precursors. Further detailed characterization of extraembryonic stem cell types devoid of H3K27 and H3K9 modifiers should help to address the role of epigenetic mechanisms in maintaining the undifferentiated state and in the transition to a specialized cell type.
In conclusion, our studies confirm the prediction that transcriptional memory of each early lineage is likely to be maintained by epigenetic modifications to key regulators, but suggest that the specificity of the modifications may be lineage specific.
Methods
Tissue Samples. Mice used were ICR and B5/EGFP (57) . Embryos were collected at appropriate time points from timed natural matings. Isolation of tissues was carried out as described (42) . ES, TS, and XEN cell lines used in this study were male, low passage (<15), with a modal number of 40 chromosomes per nucleus and cultured in the absence of feeder cells as described in SI Methods. All experiments were carried out on ES cell line R1, TS cell line A4 and XEN cell line F4, with additional confirmation provided by alternative cell lines (ES cell line E14TG2a, TS cell line G3, and XEN cell line F3) as indicated in the text.
ChIP. Native (unfixed) ChIP to analyze histone modifications was performed as described (58) . Formaldehyde-crosslinked chromatin was analyzed using the ChIP assay kit (Millipore). Sequential ChIP was performed as described (59) , except the first elution buffer contained 20 mM DTT and eluted chromatin was diluted 50-fold in RIPA buffer and used for the second immunoprecipitation. cChIP was performed as described (39) , except DNA from bound and unbound samples was extracted using the DNA purification kit (Qiagen) and subjected to qPCR analysis. Detailed protocols are described in SI Methods. Illumima sequencing was performed by the BC Cancer Agency Genome Sciences Centre, Vancouver, Canada. For each stem cell type, one ChIP DNA sample was sequenced for each antibody. Sample processing and initial raw data processing was carried out as described (27) .
Gene Expression Analysis. RNA from cell lines was processed using the RNeasy mini kit (Qiagen). RNA was extracted from embryo tissues using TRIzol (Invitrogen) following the protocol for isolation of RNA from small quantities of tissue with 0.2 μg RNase-free LPA (Sigma) per sample. RNA was reverse transcribed using the SuperScript II (Invitrogen) and cDNA subjected to qPCR. Data were normalized to Hmbs. Primers targeted multiple exons in the cDNA sequence (Table S1 ). For microarray analysis, 100 ng of total RNA was amplified and hybridized to the Mouse Gene 1.0 ST array (Affymetrix). This service was performed by The Centre for Applied Genomics, The Hospital for Sick Children, Toronto, Canada.
Analysis and Integration of Histone and DNA Methylation Datasets. ChIPsequencing data were processed using FindPeaks (60) with a false discovery rate of 0.001 and an average fragment size of 174 bp. Gene annotations were obtained from the University of California Santa Cruz genome browser (build mm8). Full dataset is shown in Dataset S1. DNA methylation raw data for ES and TS cells (26) were processed using ChipMonk (http://www.bioinformatics. bbsrc.ac.uk/projects/chipmonk) with parameters detailed in SI Methods.
Statistical Methods. Statistical comparison of histone methylation, DNA methylation, and microarray expression array datasets was performed in R (http://www.r-project.org) using the RKWard interface. We reported the Pearson correlation, the significance of which was calculated by a Fisher exact test and scored into bins of P values.
